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Abstract: 

The model matching algorithm is proposed for the robust motor tracking control of 
linear time-varying multi-input, single-output uncertain system. This control method is 
verified by the system of the permanent magnet DC motor to improve the drive 
performance and reduce sensitivity of parameter variations, nonlinear effects, and other 
disturbances such as load changes and backlash. The matching model is used to identify 
the H* tuning controller with bounded noise energy and minimized tracking error. An 
algorithm based on discrete Ricatti equation and interpolation theory is used to solve 
the uncertain internal modeling and noise measurement issues in the tracking control 
system. The adaptive tuning controller effectively controls the presence of external 
disturbances, and identifies the rapid jumping and slow changing trajectory of the 
system. The effectiveness of the H" model matching controller for the motor tracking 
control system is demonstrated by using the developed H*^ adaptive tuning software 
controller. The H " model matching control method is examined through computer 
simulation, and then tested in a real time microprocessor-controlled drive system. 
Experimental results based on PC based microcomputer implementation are presented to 
illustrate improved response and robust performance 
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ABSrRACT 

Tlie H'^ model matching algoritl\m is proposed fur 
the robusi motor tracking control of lineiir lime- vary lag 
nmlti- input, siiigle-ouipm uncertain system. This control 
method is verified by the system of the permaneiu 
magnet DC motor to improve the diive performance and 
reduce sensitivity of parameter variations, nonlinear 
effects, and otiier disturbances such as load changes aiid 

backlash. The tnaiclnng model is used to identify the H*^ 
hinin^ controller with bounded noise energy and 
* minimized tracking error An algorithm based on 
discrete Kicaiti equation and H*^ inierjxiiaiion tlieoiy is 
used to solve |he unceitain iniernal modeling and noise 
measurement issues in the tracking control system. The 
adaptive tuning controller effectively controls the 
presence of external disturbances, and identifies the rapid 
jumping and slow changing trajectory of the system. 

The effectiveness of the model matching controller 
for (he motor tracking control system is dentonstrated by 

using the developed H'^-* adaptive tuning software 
controller. The model matching contiol method is 
examined through computer siiiuilaiion, and then tested 
in a real time microprocessor-controlled drive system. 
Experimental resuUs based on PC based microcomputer 
implementation are presented to illustrate improved 
response and robusi performance. 

Keywords: H"^ model matching, ir ticking control system, 
bounded noise, adaptive tuning. 



I. INTKODUCTION 

Following the output of a system track from a given 
reference trajectory is a coninion industrial problem. 



Sometimes the meclianical load varies considerably, but 
the trajectory of the motor drive still has to follow the 
required tracking oper^ition. These situations can be 
found in typical examples, such as: robot joints, and 
machine tools[ll[2][8J[91[lO]. All these motion systems 
require the motor t>ore the load changing and still keep 
the prescribed trajectory. 

The n^otioii disturbance in the above description 
accords to the uncertainty noise under modeling system 
which has to be minimized, tl is the aim to make the 
motor drive system to meet the robusi siabilily of control 
perfornumc*;. And in order to obtain (he salisfacloi-y 
Hacking pcrfonuance[7], the acbplivc tuning controller is 
usually considered in the linear on-line control stiategy 
for a successful applicatton{IJ However, it needs lo 
design a reasonably accuracy model, or the resulting 
control algorithm is hard to maimain the tracking system 
in the robust stability. Envisioned the performance 
exploited by robust stable modeling operation in the 
sense, it is believed that the controller should be 
designed to have abilities 10 bomid the noise disturbance 
and minimize the tracking erroi . 

In this paj)er, a motor tracking control design using 

H"^ model matching is proposed It is designed 10 
exclude ihe noise spectral densities whereas the 
conventional approaclies can not. The merits of the 
approach lie in the simplicity of the scheme and us 
practicality for real-time implementation. 

The identification has to be carried out within internal 
model nialching condition. In order to make sure that a 
control transient can be concluded already with the 
desired response, the identification and the adaptation of 
the controllers have to be (lerfonned as fast fis po&stble. 
The limited time needed for updating the controllers is 
determined by the convergence lime of the idenlificalion 
algorithm and the time needed to calculate the new 
controller setting. 
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Generally, electrical drives are nonlinear sj'stems 
because of current, voltage and speed boundaries. In 
nddition. their parameters, e.g. resistance, inductance, 
moment of inertia, can vary. Also in real drive systems, 
the disturbances, e.g. load torque on the motor shaft, 
must be considered The non-linearity of load torque 
nnd mechanical dampers is the main factors to make the 
tracking misalignment and system unstablct?]. In this 
paper, the system model of pcrnianent-magnet DC motor 
k adopted to verify the tracking performance and robust 
stability. 

Fig. I-l is the block scheme diagram of main sections, 
Bru.ihless dc motor represents in the dotted box. 
Inverted commutation circuit shows within the dashed 
line. The others of the diagram are included with the 
controller. Two input signals of the system from the 
current sensing which is proportional to the motor 
voltage and the increment encoder determine the rotor 
position 
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stator becomes zero, making the dynamic model simpler 
The relationship between voltage and current of a 
permanent magnet motor drive is as follows: 



r Ed] ^ r/?a +p U -ro« A. Ju] . f mn,^] 



n 



Usually, iq make the minor effect in the controlled motor 
systeni. Therefore, the id current of the motor produce 
the strong control factor in the system. From eqn (2-1) 
Ed, Eq are the motor's terminal voltage in the steady 
state. The dynamic electrical circuit model is derived 
as: 

uu .R,,/La.^j - ^ coJU + B,^L„ (2-2) 
The instantaneous torque '/) is 

l) - Ji (bm + + k(^^ (2-3) 

The system parameter is described as follows: 

/?„ : the armature resistance 

i„ : the armature inductance 

Jl : the motor moment of inertia 

^. the magnetic flux of the permanent magnet 

(constant), 
wm : the angular velocity of the motor 
Bm ' the coefficient of viscous friction 
p^dfdi 

7) : the load torque 

Eq> ^rf and iq are </, q shaA voltages and currents. 

From eqn (2-2) and (2-3) the transfer function of the 
permanent magnet motor drive with the variable 
disturtjance load is shown in Fig 2-1. 

The dynamic mode) of pennanent magnet DC motor ts 
well established in the continuous time domain by the 
state space modet[I3]: 

x(l) = A)i(t) + BU(t) (2-4) 
where 



BRUSHLESS DC MOTOR: 



x(t)=[9„.(0 iAO i<fin] 

U(t)«[rKO Erf(0 £^(0] 



Fig. 1-1 The hardware scheme diagram of motor main 
system 
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n. DYNAMIC MODEL OV PERMANENT MAGNET 
MCXrOR DRIVE SYSTEM 

The permanent magnet motor drive can be regarded 
as direct current by having d-q axes transformation that 
rotates synchronously with the alternating curretit. 
Becouse the relative velocity txlwen the rotor ahaft and 
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where 

x(t) state vector of the motor components. 



U(t) = the distnrK-ince (load torque) and the control 
signal (voltage) 

A and B are system n matrices corresponding lo the 
inpiityonlput vectors, respectively. 




Fig. M 



Block diagram of a brush I ess DC motor 



To protect the motor from overload in the motor 
tracking system. The motor system has specified 
constraints on the motor current. These limitations are 
asfolIowRF2]f7){|ll: 

(1) Peak current limitation: The maximum occurring 
motor is limited to avoid demagnetization of the 
pcnnaiienl magnets. 

(2) Continuous current limitation: To prevent the motor 
from overheating, the maximum constant current is 
limited to approximately half the peak current for the 
motor used. The continuous current limitation becomes 
active only nfier a certain period of time and can be 
disregarded in position control. However, if torque 
control is used, longer periods of maximum applied 
power can occur; in this case, the continuous current 
limited is important for the prevention of the power 
capacity of the driver components. 

O) Conmiutation limitation: The inrush current through 
the power drive components increases with the motor 
speed and ihe heavy load variation. To prevent the motor 
from being damaged, the product of armature current and 
voltage is limited 

In this paper, however, a systematic method is 
proposed to determine the plant orders and time delay of 
the motor track! fig systemf 1][1 7]. To derive the 
computation equations, (he tiniR domain model of PM 
machine witli a controller is transformed into the Ihc 
discrete model in the z domain form, and generates the 
system upper bound for the worse case, as well as robust 
tracking output. The system is specified the requirement 
as folio wings: 

speed bandwidth: 0 - .^OHz, , under load condition and 
12. 5 Hz for loading variation. The robustness is as large 
as possible within the setting frequency response. The 
accuracy of the position is \\ithin lum, and no exciting 
phenomenon. Insensitivily of load disturbance and noisy 



interference is designed in the adaptive control scheme 
and modeling matching. 



UT. THE H"^' SYNTHESIS CONTROL CONCEPTS 

First, the H"^ synthesis control system is structured as a 
standard problem, depicted in Figure 3-1. where the 
objective is to design a real-rational proper. controller K 
such that the closed-loop system formed by real rational 

proper G and K is internally stable and the norm of 
the transfer function between external input vector v and 
controlled output vector z is minimized over alt 
stabilizing control lersf 3). 



AW 



Fig. 3-( H"* synthesis standard problem 

H' : exogenous input vector included disturbance d, 
noise n, and reference order r. 

2 : controlled output vector included tracking error 
-g. energy r^, and output tracking z/. 

y ; observed measured output vector. 

u : controlled input state. 

G : The augmented control model. 

K : The feedback controller. 

This augmented control system G can be written as: 



(7: Qrr.(\q!~Ay 'n-^D 

The synthesis system can be represented as: 



Setting the system gain K for feedback as: 

V =• Ky 



(3-1) 



(3-2) 



(3-3) 



The convergence and stability of the system can be 
obtained from inputs w to the outputs z of the close loop 
function. The form Is expressed as: 



(3-4) 
0-5) 
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Eqn(3-5) rcpiesenls the standard form of H** synthesis 
conliol system. The augmented synlliesis s>'stem has to 
find the controller K so that 

\nf^au\fh7K(J~rriiKrUl2\ 1^ (3-6) 

The controller K [4| has to sntisfy the following two 
condilions: 

(i) The closed loop system is internally stable. 

(ii) n»in||7m(<'',^')|L '^Y 0<y<| 

The augmented control system G means the combination 
of the real control s>'Stem P and filter functions aW for 
the tracking error and the internal system entropy. The 
filter function we adopt in this article shall consider the 
resiwnsc of the output tracking as well as the minimized 
sensitivity for the system stability thereby boosting the 
system's performance and robustness. 

The synthesis U"^ systenj is examined in 
reconstniction state space forms[5](6]. The njean square 
reconstniction error valtie is to measure Ihe observer's 
reconstruction status. To design a time varying tuning 
procedure as follows: 

Qin I 0- .'!(/O(;(/0;t'(")+H't('O 

(pre-covariancc) 0-7) 

f.{n-^\) ' Q{n + \)c^ in ^ \)[Cifi \ \)g(u)c'' {n + ]) 
(11*21'' (state estimation gain) (3-8) 

< observed covariance) (3-9) 

From the above adaptive procedure, Ihe synthesis H"" 
system shall be e?<amined from the predictor-corrector 
slate. 

.f(ii ( I) Ain)x{n) \ Hin)u{n) ^ A(;M l){ 

\(n f I) rt/Of /l(»).f(")+ ^(;!)t/(;/)]} (3-10) 



IV THE ADAPTIVE MODELING I DENTIFi CATION 

The dynamic model of PM DC motor is well set up by 
the augmented system that is translated into the 
difference equation necessary for use in the discrete 
Eystem[t51. 

The discrete form is given by eqn (4-1) in the slate 
space model: 

V, ^ A in I) xin - l) + B{n-\}u{n-\) (4-1) 

The matrices J(/i~ I), and flr(n- 1) in discrete-lime 
model are based on the motor's parameters in eqn (2-4). 

The approach to make the identification of a motor 
Irajectory employs the QR based tnethod to solve the 
recursive least sq«are(RLS) problem. The QR based 
method is numerically stable. It shows that the 



computation method of matrix problems is for orthogonal 
similarity transformation. 

To do so in the adaptive tuning procedure! 1 7], the 
objective is to finally obtain a predictor model for the 
desired tracking v,:. 

y,(/;) = .V^(n)B(/T)+C, (4-1) 

where X'^(t) is an observed vector using past values of 
y, and X. e(t) is a parameter vector using the coefficients 
from the above of/1(>j-l) and Af(»-I), and Q is an error 
variable representing the load disturbance and modeling 
error. From the QR based least squares computation, it 
is to see that generation of pseudo-linear variable yi, 
defined as 

y\ = T'^ArX(n) (4-2) 

The setting up recursive least square (RLS) model, keep 
the identification order low, A state space predictor for 
the plant modeI[14J can now be set up by a series of 
estimation steps. 

error: .V(»)e(») (4-3) 

controller gain: 

K,{fi)- -[^' /;.,(/0^+ Vi(">r' ff^lS"^"^ 

(4^4) 

estimate: e,(o) = 0,_i(") + A:,,,('Oe, (4-5) 

forgetting factor: 

\{n) -/-(/ + fY /;.,(«)«).?? /r (4-6) 

covariance: 
;;(fO = [A I f}K^Oi)f' /;_,(")[ .1 + f)K,{n)] 

t^/(")\(")/C^("> (4-7) 

r,{n) has to be positive semidefinite. and if /*,<«) has rank 
defect r. then it needs to use an orthogonal 
transformation Tlo adjust it. 

V. The Model Matching for the Motor System 

The estimator of the system is reconstructed after 
every periodic computation. It consists of a set of time 
varying equations from eEqn (3-7) to eqn (3-10). These 
works can form an estimated system model. The 
controller of the augmented system is designed in 
accordance wth eqn (4-2) to eqn (4-7). It executes in 
Ihe state of the adaptive tuning to minimize the motor 
tracking error. 

The approach design is needed to specify the 
disturbance from the input for the worse case. Therefore, 
the term ganmia y is required to setup for the robust 
range. 
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Fig, 5-1: The H*^ synthesis model control system 

U means that the spectral radius of /^/(")t?C'0 must be 
lowr than the vipper bound of disturbance y. 

Fig. 5- 1 show's the H*^ synthesis control scheme model 
for the motor control system From the figure 5-1 the 
estimated systcnt model is derived from the leat motor 
system and the desired augmented reference plant. The 

adaptive controller is designed after the system 
model [16] is estimated. 



dotted line on Fig. 6-1 and Fig. 6-2 represents the deiirtd 
trajectory, while the the dash Htie repreSeflt^ th* output 
trajectory. The position trajectory follows Ihtf desired 
sigmoidal tracking on Fig. 6-1. The speed trajectory 
gets some disturbance but still maintain the set Speed 
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Fig. 6-1 Casel: Position trajectory 
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VI. TESTRRSULTS 

Several test cases in the experiment evaluate the 
proposed U"^ approach model matching tecimique. 

The position track selected in this test is composed of 
three segments of sigmoidal functions. The first rotates 
the for;vtird position Ijy 200 radian, the second is holding 
the position at 200 radian for 2 second, and the third 
turns the reverse direction back to the original position 
by the armature current braking from the feedback sensor 
signal. In these test cases, the armature surge current is 
limited within the specified range to verify the motor 
system nmning within the dcsig^ned tracking and safety 
working condition 

Two cases are shown on the following mainly to 
represent the trajectories of the njotor rotor position and 
required speed tracking paths. Each of the motor system 
tracking is measured from the starting time and sampled 
in every 20 msec. 

Case 1 shows figures from Fig. 6-1 to Fig. 6- 10 to examine 
thp motor system performance and robust. Case 1 
represents 10% perturbation with the required trajectory 
entering the motor system and the load torque changing 
periodically every l2.5Hz Figure 6-1 to 6-7 shows the 
tracks and the measurements of the rotor position, speed, 
voltage, and electric torque, position tolerance, direct 
current, and quardrature current, respectively. The 



Fig. 6-2 Case I: Speed trajectory 
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Fig. 6-^ Case I: Position tolerance 




Fig. 6-4 Case I: Electric torque 
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Figure Ci'S Case 1: Armature voltage 
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Fig. 6-9 Casel: Paran»eters of B(q) 
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Fig. 6-6 Case I; Direct current 
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Fig. 6-8 Case I: Parameters of A(q) 
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Fig 6- 1 0 Case I: Parameter of C(q) 

running on Fig.6-2. Fig. 6-4 shows the electric torque 
increased during the motor accelerating the speed. 
However, tlic motor system still maintains in the safe 
njnning condition by examining the voltage and current 
variation from Fig. 6-5 to Fig. 6-7. 

The time varying motor system under the noise 
perturbation and load change highly depends on the 
adaptive tuning for (he satblc and robust synthesis 
system performance. Fig. 6-8 to Fig. 6-!0 show the 
synthesis parameters of the H*^ ^stem. The parameters 
of matrices of A(q), B(q) and C(q) show the adaptive 
identification for the reduction order H*" approach 
matching. Specifically, when the motor proceeds the 
tracking in the braking segment, the system parameters 
vary quite largely. 

To saiify the robust performance of the H« synthesis 
approach, it is designed the upper bound for the worse 
case at the gamma value (y) 0.67 in Case F. 

Case II represents the situation of the 50% uniform 
distributed perturbation with the desired Irajectbty 
entering the motor system aiid the load torque changing 
periodically every 25Hz. Fig. 6-1 1 to Fig. 6-15 £hows 
the performance of the motor system in case II. It 
examines the motor system with the robust control In the 
H"' synthesis approach. In Case 11. the gamma term y is 
designed 0.45 for the robust range. It can meet the case 
to limit the upper bound of disturbance. 
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Figure 6- II Case I!* Position trajectory 
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Fig. 6-15 Case II: Electric torque 
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Fig. 6-12 Case II: Speed trajectory 




Figure 6-13 Case II: Position tolerance 



noise and load varying. It can be seen from Pig. 6-13 
that the position trajectory has one step predicted error, 
especially, during the motor increasing speed, HoMWver^ 
the dc error of the position trajectory is derived from 
the uncertainty disturbance. It can be compensated to 
adjust the deadbeat of the filter. 

In this paper, it mainly emphasizes the performance 
of the position trajectory. Therefore, the speed 
trajcctoryon Fig. 6-12 is infected by some disturtence 
similarly as Case I, during the motor starting, speedup, 
and braking stop. Fig. 14 and Fig. 15 show the motor 
system still stable when the strong perturbation adds to 
(he system. In Case 11 it still can work within the 
protected safty range. 

Fig. 6-13 shows that the larger position tolerance appears 
as the disturbance become larger, comparing with Case 
I. It shows that the dc tolerance is reduced by adding the 
constant backlash. However, it is designed from the 
synthesis system to bound the disturbance in the spectral 
radius. 



VII. CONCLUSIONS 
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Fig. 6-1 4 Case If: Armature voltage 

The doited line on Fig 6-H and Fig. 6-12 represents 
the desired trajectory, while the the dash line represents 
the output trajectory. Fig. 6-11 shows the position 
trajectory following the desired tracking under the heavy 



In this paper, the design and implementation of an H*" 
matching controller with an adaptive tuning has been 
investigated. A synthesis systematic and analysis 
approach for developing the algorithm is presented. The 
H"^ filter is tuned by various parameters 
Q{n)Mn)Mi^)M>^).Pi{n\ond which are 

dominant in the state identified ntodet and the designed 
controller. These paranieters have to meet the 
desired transient and steady .state performance. The 
discrete adaptive H** matching controller has been 
designed to be v.'ell suited the motor speed and position 
trajectory for Brushless DC motor. The load torque 
variation and mechanical damper can be immunize by 
the designed H'^ controller under the upper bound area. 
The next step in this research will lest the matching 



controller in difTerent kinds of disturbance for the speed 
nnd position trajectory. 
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